HeLmHOLTZ-ZENTRUM POTSDAM

Helmholtz-Zentrum DEUTSCHES
PoTsbpAm GEOFORSCHUNGSZENTRUM

Villiger, L., Gischig, V. S., Kwiatek, G., Krietsch, H.,
Doetsch, J., Jalali, M., Amann, F., Giardini, D.,
Wiemer, S. (2021): Meter-scale stress
heterogeneities and stress redistribution drive
complex fracture slip and fracture growth during a
hydraulic stimulation experiment. - Geophysical
Journal International, 225, 3, 1689-1703.

https://doi.org/10.1093/gji/ggab057

Institional Repository GFZpublic: https://gfzpublic.gfz-potsdam.de/



https://gfzpublic.gfz-potsdam.de/

Geophysical Journal International

Geophys. J. Int. (2021) 225, 1689-1703
Advance Access publication 2021 February 10
GJI Seismology

doi: 10.1093/gji/ggab057

Metre-scale stress heterogeneities and stress redistribution drive
complex fracture slip and fracture growth during a hydraulic
stimulation experiment

Linus Villiger “,! Valentin Samuel Gischig,?* Grzegorz Kwiatek,* Hannes Krietsch,>>-
Joseph Doetsch ©,> Mohammadreza Jalali,>® Florian Amann,>® Domenico Giardini? and

Stefan Wiemer!

1Swiss Seismological Service, ETH Zurich, Sonneggstrasse 5, Zurich 8092, Switzerland. E-mail: linus.villiger@sed.ethz.ch
2 Department of Earth Sciences, ETH Zurich, Sonneggstrasse 5, Zurich 8092, Switzerland

3¢SD Ingenieure AG, Hessstrasse 27D, Bern 3097, Switzerland

4 Helmholtz-Center Potsdam, GFZ German Research Centre of Geosciences, Telegrafenberg, Potsdam 14473, Germany
SiLF Consulting Engineers, Flurstrasse 55, Zurich 8048, Switzerland

6 Department of Engineering Geology & Hydrogeology, RWTH Aachen, Lochnerstrafie 4-20, Aachen 52056, Germany

Accepted 2021 February 8. Received 2021 January 17; in original form 2020 August 3

SUMMARY

We investigated the induced seismicity, source mechanisms and mechanical responses of a
decametre-scale hydraulic stimulation of a pre-existing shear zone in crystalline rock, at the
Grimsel Test Site, Switzerland. The analysis reveals the metre-scale complexity of hydraulic
stimulation, which remains hidden at the reservoir-scale. High earthquake location accuracy
allowed the separation of four distinct clusters, of which three were attributed to the stimulation
of fractures in the damage zone of the shear zone. The source mechanism of the larger-
magnitude seismicity varied by cluster, and suggests a heterogeneous stress field already
prevailing before stimulation, which is further modified during stimulation. In the course of the
experiment, stress redistribution led to the aseismic initiation of a tensile-dominated fracture,
which induced seismicity in the fourth of the identified seismic clusters. The streaky pattern of
seismicity separated by zones without seismicity suggests fluid flow in conduits along existing
fracture planes. The observed submetre scale complexity questions the forecasting ability of
induced seismic hazard at the reservoir scale from small-scale experiments.

Key words: Induced seismicity; Earthquake source observation; Creep and deformation;
Fracture and flow; Permeability and porosity.

seismic safety is urgently needed to facilitate the widespread use

I INTRODUCTION of EGS technology, but scientists and reservoir engineers have not

Successfully creating an enhanced geothermal system (EGS) for
electrical power and heat generation requires the enhancement of
hydraulic conductivity and connectivity in the existing fracture net-
works of naturally low permeability basement rock at several kilo-
metres depth. The method chosen to achieve this goal is called
hydraulic stimulation and involves injecting fluids (e.g. water) at
high pressure through a deep borehole (Hirschberg et al. 2014).
This approach has been successfully applied in a handful of EGS
systems around the world [e.g. Soultz-sous-Foret, Rittershofen, In-
sheim (Genter ef al. 2010; Baumgaertner et al. 2013; Baujard et al.
2017]. However, in other cases, especially near urban areas such
as Basel in 2006 and Pohang in 2017 (Haering et al. 2008; Lee
et al. 2019b), projects have failed because they were unable to cre-
ate commercially viable reservoirs without also inducing felt or
damaging earthquakes. Balancing permeability enhancement and

yet been able to develop this successfully. Progress will require
an improved understanding of the predominant physical mecha-
nism responsible for induced seismicity and aseismic deformation
during hydraulic stimulation, which is the primary target of our
study.

While laboratory analysis and numerical simulations can help
to understand the complex interactions of thermal hydraulic and
mechanical (THM) processes, in situ observations and experiments
are required for model calibration and validation, upscaling and
proof of concept. While full-scale experiments at 3—5 km depth are
extremely expensive and difficult to manage, closely monitored ex-
periments at the decametre scale can be performed in underground
laboratories (Gischig et al. 2019). The results of one such experi-
ment conducted at the Grimsel Test Site (GTS) in the Swiss Alps
are reported here (Fig. 1). The overall objective of the experiment
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Figure 1. (a) Overview of the experimental volume (top view) at the GTS and the intersecting shear zone sets S1 and S3, injection borehole (INJ1), injection
interval (INJ), strain monitoring boreholes (FBS1, 2, monitoring intervals are coloured in black) and the installed AE sensors (green cones) in tunnels and

boreholes (GEO1-4). (b), (c) detail of top and west views.

sequence was to closely observe seismo-hydromechanical phenom-
ena during hydraulic stimulation, and, by zooming into the details
of these processes with a dense monitoring network, augment our
understanding of them at the larger (i.e. full EGS) scale. Stress is
a critical parameter linked to the evolution of deformation during
fluid injections. Tectonic plate boundary forces and high topogra-
phies influence the stress field (Zoback ef al. 1989). Variations in
rock and fracture stiffness, contrasts in rheology and density, past
and recent fault slip modify the stress filed further (Bruno & Win-
terstein 1994; Heidbach et al. 2007; Wileveau et al. 2007; Lin et al.
2010; Blake 2013; Nie et al. 2013; McNamara et al. 2015). More-
over, it is very likely that stress perturbations occur on all scales,
similarly to fault slip (Valley & Evans 2010; Blake 2013).

In an EGS reservoir, numerous authors describe stress hetero-
geneities as changes in magnitude and rotation of principal stresses
(Pahl et al. 1989; Bell et al. 1992; Wileveau et al. 2007; Valley &
Evans 2009, 2010, 2019). Based on wellbore failure analysis per-
formed at the Soultz EGS site, Valley & Evans (2010) conclude
that the most prominent variations in horizontal principal stress ori-
entation coincide with two major fracture zones intersected by the
two analysed wells. One of these fracture zones intersects the wells,
where they are only 20 m apart. However, large scale variations in
horizontal principal stress orientation and magnitude only partially
correlate between the two wells.

At the GTS, the prevailing stress field is strongly affected by to-
pography, such that none of the principal stress directions is vertical
(Krietsch et al. 2018b). Krietsch et al. (2018b) observed a drop in
the minimum principal stress magnitude from 8.6 to ~3 MPa within
12 m and a rotation of the principal stress axes as the shear zone,
stimulated in the experiment reported here, is approached. The in-
fluence of tunnels and boreholes on the stress field in the volume of
stimulation can be considered as minor. The reason for this is that
the rock around excavation shows no or only minor excavation dam-
age zone, and its behaviour can essentially be considered elastic.
According to Kirsch (1898), in an isotropic elastic medium, tunnel-
ing induced stress redistribution affect the in situ stress only until
two tunnel diameters away from the excavated tunnel (i.e. ~10 m;
closest distance tunnels — stimulated volume: 20 m).

Since hydraulic stimulation is inevitably accompanied by fracture
slip (i.e. often associated with seismicity), such high-pressure fluid
injections conceivably modify the already prevailing heterogeneous
stress field (Schoenball ef al. 2014). Injections primarily lead to an

increase in pore pressure and thus to a reduction of the effective nor-
mal stresses along pre-existing fractures. As a consequence of this
reduction in the effective normal stress, slip (both seismic and aseis-
mic) and/or opening of fractures may occur. Such fracture disloca-
tion causes instantaneous stress changes in the surrounding regions
(Schoenball et al. 2012). Furthermore, volumetric expansion of the
pressurized rock mass around the injection interval induces stress
changes at larger distances from the injection location through poro-
elastic stress transfer (Segall & Lu 2015; Goebel et al. 2017). Frac-
ture orientation in the modified stress field, geological properties
(e.g. frictional properties, fault zone architecture) and the injection
strategy determine whether a fracture dislocates aseismically or seis-
mically (Guglielmi ez al. 2015). Bhattacharya & Viesca (2019) sug-
gest that aseismic deformation may outpace pore-fluid migration.
While the general factors determining mechanical fluid rock inter-
actions are well known, we still lack the ability to accurately forecast
how fluid injection will evolve, and how to guide it to achieve the
optimum permeability enhancement with an acceptable level of risk
for induced damaging earthquakes. The situation is not that different
from natural earthquakes, where the general physical mechanisms
governing earthquake—earthquake interactions are known (King
et al. 1994), but are not fully utilized for earthquake predictability
(Nandan et al. 2019).

The source mechanisms of induced earthquakes are closely cou-
pled to the local, momentary stress state (Martinez Garzon et al.
2017) and can be an important source of information on reservoir
properties. Through stress inversion of focal mechanisms Schoen-
ball er al. (2014) observed stress changes during fluid injection
of tens of MPa, changing the stress regime from normal mixed
with strike-slip faulting (NF/SS) to pure NF. They attributed these
stress changes to large-scale aseismic deformation. Schoenball ez al.
(2012) and Catalli et al. (2013) suggested that induced earthquakes
lead to static stress transfer, which can effectively help to induce fur-
ther earthquakes. Also, spatial variations of the principal stress axis,
or transient variations related to injection rates/volume are observed
through the inversion of source mechanisms (Martinez Garzon et al.
2013; Martinez Garzon et al. 2014). The magnitude of the induced
seismic event may also be related to the prevailing stress regime re-
vealed by source mechanisms (Schorlemmer et al. 2005; Martinez
Garzon et al. 2016). Furthermore, the opening component, inferred
from seismic moment tensor analysis, may be sensitive to a pore
pressure increase and thus restricted to the near well-bore area
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(Martinez Garzon et al. 2017). However, distinguishing the in-
fluence of the prevailing stress field from its injection-induced
modification through focal mechanisms remains challenging.
One reason for this is that information on the heterogeneous
pre-stimulation stress field is limited to a few observation
points.

Here, we analyse the source mechanisms, the spatio-temporal
evolution of seismicity in combination with pressure and the strain
evolution observed during a hydraulic stimulation experiment con-
ducted in crystalline rock at the decametre scale at the Grimsel Test
Site (GTS), Switzerland. The experiment (labelled HS4) was per-
formed on 2017 February 9 as part of the /n sifu Stimulation and Cir-
culation (ISC) project (Amann et al. 2018). The rich seismicity data
set observed during this particular experiment allows addressing the
questions to what degree seismicity characteristics are predictable
from detailed pre-experimental characterization and if seismicity is
sufficiently scale invariant to be readily upscaled to the field scale.
The injection interval contained both, a low-permeable fault core
and a surrounding brittle damage zone of an extensive (i.e. several
metres wide and up to a kilometre long (Keusen et al. 1989) shear
zone. Considering the stress-state measured at the targeted shear
zone prior to the experiment, right-lateral to oblique thrust faulting is
conceivable as fault mechanism. Our observations show highly com-
plex seismicity patterns and source mechanisms that arise from the
interplay between (1) pre-existing fractures within the damage zone,
(2) a prevailing stress field that is heterogeneous on the metre-scale
and (3) a further, transient modification of the stress field during
stimulation.

2 MATERIALS AND METHODS

2.1 Study site

The injection experiment was carried out with approximately 480 m
of overburden (Fig. 1). The experimental volume, located in gra-
nodioritic and granitic rocks (Wenning et al. 2018), is intersected
by four shear zones with a ductile deformation history (referred
to as S1 with an orientation of 142°/77°), and two shear zones
with a brittle—ductile deformation history (referred to as S3.1
and S3.2, 183°/65°). The cores of the two S3 shear zones, sep-
arated by ~2 m, are sheared meta-basic dykes associated with
highly permeable and compliant fractures (Jalali e al. 2018;
Krietsch et al. 2018a).

An extensive stress characterization campaign (Krietsch et al.
(2018b) used different stress measurement methods to investigate
the stress state about 40 m south the target shear zone S3.1, as
well as in the proximity of the shear zone (i.e. about 5 m from the
shear zone and 20 m from the injection interval). The stress state
at greater distance from the shear zone (here termed “unperturbed
stress state’) significantly differs from the one close the shear zone
(here termed ‘perturbed stress state’) possibly due to past fault slip
and stiffness contrasts between the shear zone and the surrounding
host rock (Krietsch et al. 2018b; Doetsch et al. 2020). The principal
components of the unperturbed and the perturbed stress state are o'
=13.1MPa,0, =92 MPa,o; =8.7MPaand o, = 13.1 MPa, 0,
= 8.2 MPa, 0; = 6.5 MPa, respectively (Fig. 2b). The spatial het-
erogeneity of the stress field on the decametre scale was confirmed
by the stress information extracted from the various stimulation
experiments (Krietsch et al. 2020a,b; Dutler et al. 2019).

2.2 Injection experiment and monitoring

The 1-m-long injection interval covered the shear zone S3.1 (Fig. 1a,
INJ), which has a pre-stimulation injectivity of 0.95 I min~' MPa™!
(transmissivity: 1.2 x 1077 m?s™', Krietsch ef al. 2020a). The in-
jection involved 1.3 m* water introduced in four cycles (Cy1-Cy4,
Fig. 6a). The pressure controlled cycles Cyl and Cy2 were con-
ducted to infer the pre-stimulation jacking pressure and the initial
injectivity of the target structure. Cy3 was the actual stimulation
cycle, in which the bulk part of the fluid was injected in a rate-
controlled fashion. The flow-rate was increased in 5 Imin™! incre-
ments from 10 to 25 Imin™". Injection cycle Cy4 (mixed pressure
and rate controlled for technical reasons) aimed at determining the
post-stimulation jacking pressure and injectivity of the target struc-
ture [post stimulation injectivity and transmissivity: 0.95 1min™
MPa™!, 1.2 x 1077 m?s™' (Krietsch e al. 2020a)]. Each injection
cycle was followed by a shut-in and venting phase.

Seismicity was monitored with 26 Acoustic Emission (AE) sen-
sors (type: GMuG MA-BLw/s-7-70-xx), eight of which were de-
ployed in boreholes (Fig. 1a, green cones in borehole GEO1-4). The
borehole AE sensors were distributed around the injection interval
at euclidean distances of 8.9-15.7 m (Villiger et al. 2020).

Longitudinal strain was recorded along boreholes FBS1 and
FBS2 using 1 m long Fiber-Bragg-Grating strain sensors (Fig. 1a).
The strain sensors for borehole FBS1, which intersects the target
shear zone S3.1, were located south and between the S3 shear zones
(sensors a and b in Fig. la, respectively). The strain monitoring
borehole FBS2 is sited parallel to the S3 shear zones and contains
the sensor ¢, d and e shown in Fig. 1(a).

2.3 Seismic moment tensor (MT) inversion

During the experiment, the locations of 3094 out of 5607 detected
seismic events were identified. The magnitudes ranged from My
=5.5 to —2.75 (Villiger et al. 2020). Out of 3094 events listed in
the seismicity catalogue and shown in Fig. 3, 103 events with >10
P-wave amplitudes were considered for MT inversion and the as-
sociated refinement procedure. We corrected the input amplitude
data for frequency independent attenuation (see supporting mate-
rial S2 for details) and the influence of incidence angle to axis of
the single-component AE sensors [see S3 ¢f. Manthei et al. (2001);
Kwiatek et al. (2011), for details]. The P-wave amplitude, A(¢), in
the time domain can be expressed as:

A1) = As (1) g (1) *i () *s (1) (M

The symbol ‘x’ denotes convolution in the time domain. As(#)
represents the amplitude at the source. The path effects g(¢) are mod-
elled through geometrical spreading o< ,l and an attenuation term,

eﬁ, with r, being the source-receiver distance, f/ = 7.5kHz
represents the dominant frequency, Qp = 60 is the frequency in-
dependent quality factor (see supplementary material S2 for its de-
termination), and vp = 5030 ms~! is the P-wave velocity (Villiger
et al. 2020). The variable i() in eq. (1) represents the effect of AE
sensors (i.e. the instrument response) on the recorded amplitude. It
is not possible to infer the instrument responses of the deployed AE
sensors. We only account for the known angle-dependent sensitivity
variations of AE sensors (Manthei et al. 2001), using in situ deter-
mined incidence angle-dependent amplitude correction factors (see
S3 for more information).

Source mechanisms were determined using the hybridMT
software package (Kwiatek er al. 2016). The algorithm uses
amplitudes of first motion P waves along with their polarity to
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Figure 3. 3-D overview figure in (a) top and (b) side view of the injection borehole (INJ1) and the injection interval (red), the strain monitoring borehole
(FBS2) and the two subparallel shear zones S3.1 and S3.2 along with the three distinct seismicity clusters and their best fitting planes. The detail view in (b)
shows the seismicity immediately around the injection interval, along with the inferred source mechanisms. Focal mechanism I, IT and III are representative
mechanisms of cluster C1, upper and lower patch and cluster C2, respectively. The fault plane of each source mechanism is indicated by a coloured circle. (c)

Orientations of the cluster planes in a lower hemisphere stereographic projection.

resolve for double-couple constrained (DCMT) and full moment
tensors (FMT). Using an iterative procedure (see S5 for the
determined correction factors and polarity matches), the software
accounts for poorly known paths, site and sensor effects by taking
advantage of common seismic ray paths of events forming a cluster
(Andersen 2001).

The Bayesian Information Criterion (Cesca et al. 2013) was used
(see S4) to decide whether a DCMT or a FMT solution is prefer-
able. For each resulting MT, we sampled the MTs 100 times using
P-wave amplitude data randomly perturbed by 10 per cent (Stierle
et al. 2016) to simulate the effect of noise and evaluate the uncer-
tainty of determined DCMTs and FMTs. The initial 103 seismic
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events considered for MT inversion were reduced to 84 MTs (35
DCMTs and 49 full FMTs) based on the quality criteria described
in S6.

3 RESULTS

3.1 Spatial distribution of seismicity

The majority (97.7 per cent) of all located seismicity was induced
during injection phases. The seismicity formed four distinct clus-
ters (C1-C4, Fig. 3). Here, we use the term ‘cluster’ for events
aligned along a distinct plane, and the term ‘patch’ is used for dense
subgroups of events within a cluster.

The main cluster C1 (coloured in blue in Fig. 3) consists of
2096 events, and has a 20 m vertical and 7.5 m horizontal extent.
Although it is closely associated with the shear zone S3.1 and shares
a similar dip angle, it forms a steep angle of about 20° with the target
shear zone S3.1 (i.e. the target shear zone because the injection
interval covered the S3.1 shear zone, see also Fig. 1b). All seismicity
is located north of the S3.1 shear zone and stops immediately at
the intersection line between the cluster plane and the shear zone
plane. The C1 cluster is associated with the fracture north of S3.1
(Fig. 1b) and contains two patches with high seismicity density
that are vertically offset by about 2 m with an identical orientation
(dip direction/dip: 169°/76°). From the in-plain view (Fig. 4a, panel
C1), we observe only sparse seismicity in the immediate vicinity
of the injection interval (INJ); the two patches extend to about 2 m
away from the injection interval. Both patches are elongated with
the longest axis dipping 20-35°, and feature striped substructures.
While the upper patch of C1 does not show a clear propagation
direction, the lower patch of seismicity expands downwards to the
east. The largest seismic magnitudes induced in the experiment are
observed in the upper patch of cluster C1. The large magnitudes
within each of the patches are grouped at the upper borders.

South of the target shear zone, two clusters were induced (C2,
C3) in close proximity to the injection interval. These two clusters
(C2, 341 events, 351°/84°; C3, 378 events, 2°/87°) are subparallel
to the target shear zone and offset by 0.5 m along the borehole axis.
Along the upward extension of these two clusters, a more diffuse
seismicity cloud with low event density formed. C2 and C3 are
associated with the two fractures south of the target shear zone
(Fig. 1b).

Cluster C2 (Fig. 4b) is located about 0.2 m away from the injection
interval. Again, the seismicity forms an elongated patch with the
long axis dipping 35° towards the east with seismicity propagating
down- and eastwards. Seismicity of cluster C3 (Fig. 4c) exhibits
small elongated patches, also dipping towards the east but without
a propagation trend. The magnitudes of seismicity in cluster C3 are
lower than those in C1 and C2.

A fourth cluster (C4, 208 events) was induced below the injection
borehole, that is it has no immediate hydraulic connection to the
injection interval. The plane fitted through this cluster is oriented
38°/37°. The cluster appeared at the 724 L injected volume, and
initiated at about the elevation of the lower patch of cluster C1
(Fig. 4d). Only small events were induced, except for four stronger
ones that occurred close to the borehole FBS2. Since these events
are much larger in magnitude than the rest of the cluster and located
at the borehole FBS2, we assume that their occurrence is due to
near borehole-effects of the cemented strain monitoring borehole
and of an artificial nature. The spatial extent of the remaining small
magnitude events is more than twice that of the seismicity associated

with clusters C1, C2 and C3. The seismic events propagated from
the west towards the east with time, when the injected fluid volume
rose from 724 to 978 1. Some seismic events were also induced in
the last injection cycle (i.e. the Cy 4 induced dark red events in
Fig. 4d).

3.2 Fault plane solutions

There were 56 and 28 MTs successfully inferred for the seismic
events in clusters C1 and C2, respectively (Fig. 3). The fault planes
of the MTs were identified as subparallel to the orientation of the
cluster that the respective seismic event belongs to (see supporting
material S7). Seismic events with inferred MTs are often found
in spatially dense subclusters featuring homogeneous fault plane
solutions (see Fig. 5 for a cluster-dependent overview of MTs,
including faulting styles). The mean fault plane solution of the
upper patch of C1 (dip direction: 8° £ 11°/189° & 7°, dip: 84° £ 4°,
rake: —99° 4= 9°/100° % 5°) reflects steeply dipping normal or thrust
faulting (supporting material S8). For MTs from the lower patch of
C1 (2° £ 5°/185° £ 10°, 73° £ 9°, —136° + 6°/122° £ 18°) we
observe right-lateral oblique normal to thrust faulting mechanisms.
Using a simple two block model separated by the C1 clusterplane,
the block in the south moves upwards with respect to the block in the
north. In the region of the lower patch of C1, the dip and rake angles
deviate slightly from the vertical. The mean fault plane properties
of C2 do not vary dramatically (197° & 10°, 67° & 5°, -93° &£ 13°)
compared to the MTs of C1 and suggest a dominance of normal
faulting kinematics. When we consider two blocks separated by the
cluster C2 plane, the block in the south moves downward compared
to the upward movement of the block in the north (compare also
slip directions of cluster C1 and C2 indicated with black arrows in
Figs 4a and b). The isotropic components of the full MT solutions
range from 1 to 26 per cent with no observable temporal trend, but
do tend to increase with distance from the injection interval, and
are particularly high for events in the lower patch of cluster C1 (see
supporting material S11).

3.3 Temporal seismo-hydromechanical observations

The onset of seismicity during cycle Cyl occurs at around 5.5 MPa
injection pressure (Fig. 6a). The onset pressure increases during
successive cycles. In cycle Cyl, cluster C2 was activated earlier
than cluster C1, while the opposite is true during cycle Cy2. Seis-
micity rates and magnitudes of induced events increase at the peak-
injection of both cycle Cyl and Cy2.

During the main stimulation cycle Cy3, only sparse seismic-
ity was induced during the first constant-rate step (Fig. 6a). Seis-
micity rates and magnitudes increased with each rate step (Cy
3.2-3.4), but then decayed along with the injection pressure dur-
ing each rate step. Cluster C4 was induced shortly before the
last rate step in Cy3. During cycle Cy4, seismic activity began
in the last injection step (except for one event). Again, both the
seismicity rate and magnitude decay with the ongoing injection.
During this cycle, cluster C1 was predominately reactivated; this
cluster also contains the experiment’s largest magnitude event
(i.e. M —2.8).

The strain sensors between the S3 shear zones (sensors a
and b, Fig. 6b) show extensional strain, while outside the shear
zones compression is observed. Strain signals increase with in-
creasing injection parameters (i.e. injection volume, injection rate,
Fig. 6b).
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Figure 4. (a—d) Projection of seismicity clusters onto their best-fitting plains. The seismic events are colour coded according to the cumulative injected volume.
The source radii of the seismic events were calculated following Eshelby (1957) assuming a static stress drop of 2.5 MPa. Slip directions inferred from MTs
are indicated as black arrows in a ‘south-view” perspective. Streaks of seismicity in cluster C1-C3 are indicated by dashed lines.

The strain signals along borehole FBS2, located south and par-
allel to the target shear zone, did not exceed 8 e in the first two
injection cycles. During the main injection cycle, at an injected vol-
ume of 620 1, strain sensor d indicates a rising extensional strain
signal (Fig. 6b). The seismicity of cluster C4, that eventually hits
sensor d, starts at 724 1. After this, the strain rate on sensor d accel-
erates in two phases. The second correlates with the appearance of
seismicity close to the sensor—and reaches an extension of almost
0.4 mm at the end of cycle Cy3. Five minutes after the onset of strain
at sensor d, the first seismic event of cluster C4 is induced 3.5 m
away from sensor d, and 3 minutes later the first seismic event hits
strain sensor d. In total 15 min pass from the onset of strain to the
full extensional strain magnitude at sensor d at the end of the main
stimulation cycle Cy3. The adjacent strain sensors ¢ and ¢ in FBS2
exhibit contraction and extension after the strain rate at sensor d

accelerates. Simultaneous to the strong extension of sensor d, the
sensors ¢ and e show contraction. The strong extension observed
at sensor d also initiates an acceleration of the extensional strain in
FBSI1 (sensors a, b). During the last injection cycle Cy4 sensor d in
FBS2 extends again, but contracts before the highest injection rate
is reached. Residual extension, measured 16 hr after the experiment,
remains >0.1 mm for sensor d.

4 DISCUSSION

The overall objective of our study is to enhance our understanding
and ability to forecast the hydromechanical processes governing
high pressure fluid injections into granitic rock. A primary outcome
of our analysis on a decametre scale experiment is the realization of
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Figure 5. Double-couple constrained, lower hemisphere stereographic projections of all inferred MTs separated in clusters and patches, along with the
corresponding faulting styles, after the convention introduced by Frohlich (1992). The failure plain in each beach ball is indicated by a red line.

the complexity of fluid—rock interactions and the resulting seismic
and aseismic deformation. At the GTS, we are in a unique position to
observe seismo-hydromechanical processes using nearby and dense
multiparameter instrumentation. Owing to our dense multiparame-
ter instrumentation during the stimulation experiment, we find that
by viewing processes at the micro- and macroscale with such res-
olution, we can observe the complexity in seismicity and faulting
styles that are not consistent with a simple fault slip model. In order

to explain the observations of temporal and spatial clustering and
migration of seismicity, the hydraulic data, observed deformation,
fracture orientation and MTs documented in Figs 3 and 5, we need to
consider stress heterogeneity in space and time as a key driver con-
trolling seismicity evolution. Our results thus introduce substantial
limitations on the ability to forecast the evolution of seismic se-
quences during reservoir stimulation, given that knowledge of the
stress heterogeneity in the host rock is always very limited.
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4.1 Fault slip model

In Fig. 8 we propose a conceptual model in cross-sectional view
that summarizes and contextualizes our observations. The high-
pressure water injection of 1.3 m? into a brittle—ductile shear zone
led to high seismic activity along fractures of the damage zone,
whereas seismicity was entirely absent along the fault core (i.e. a
metabasic dike deformed in ductile manner) itself. Most seismicity
(~70 per cent) was observed in cluster C1 [cumulative seismic
moment: 2.1 x 10° Nm, the calibration of the AEs was performed
in Villiger et al. (2020)], which propagated between the two EW-
striking shear zones S3.1 and S3.2 at a steep angle. The seismicity
thus indicates activation of a fracture linking the two S3 shear
zones rather than activation of the S3.1 core that was targeted.
Indeed, hydraulic tests performed within the two S3 shear zones and
documented by Brixel et al. (2020) confirm the existence of these
highly permeable linking fractures between the two S3 shear zones.
However, despite the high seismic response during this injection
compared to injections in the same experimental volume (Villiger
et al. 2020), injectivity and transmissivity was not increased during
this injection (Krietsch et al. 2020b). We observe that slip along
fractures and seismicity is neither focused on the fault core, which is
intersected by quartz-filled fractures of less than 1 mm aperture, nor
on the interface between the fault core and the damage zone. Instead
seismicity and fracture dislocation occurred exclusively on fractures
in the damage zone adjacent to the fault core. This is in agreement
with the fault model by Wenning ef al. (2018), which suggests
lower permeability of the fault core compared to the fractures in the
damage zone.

The source mechanism of the two patches of cluster C1 indicate
an upward movement of the rock block in the south with respect
to the northern block. The lower patch shows a minor right-lateral
strike-slip component (i.e. the southern block moves towards west).
This right-lateral oblique thrust faulting mechanism fits with the
source mechanism on cluster plane C1 that is expected from the
stress measurements recorded about 20 m from the injection site [i.e.
the perturbed stress state (Krietsch er al. 2018b)]. Note, however,
that this is not the case for the other patch of C1 and for cluster
C2, because the inferred slip directions deviate from the predicted
slip directions of the perturbed stress state (Fig. 7a). Considering
the Mohr—Coulomb failure criterion assuming the perturbed stress
state, failure pressure for almost all the inferred structures was
below 7 MPa (Fig. 7b). Recall that the maximum injection pressure
reached during injection is ~7 MPa in the injection interval. The
fluid pressure at the cluster C1 and C2, being at distances less than
2 m away from the injection, is likely to be close to this maximum
pressure. Thus, the perturbed stress field is in agreement with the
occurrence of slip along these fractures.

Cluster C4 formed between the upper and the lower patch of clus-
ter C1—specifically at the upper edge of the lower patch—at approx-
imately a 90° angle to C1. High extension rates observed at strain
sensor d in borehole FBS2 (Fig. 6b) accompanied by low-magnitude
seismic events propagating from west towards east suggests tensile
dominated deformation. Also, in the region of sensor d, where the
peak extensional deformation of almost 0.4 mm was observed, no
pre-existing fracture was identified in borehole logs prior to stimula-
tion. This suggests the initiation of a new tensile dominated fracture
plane along the C4 cluster plane. The fracture initiation was largely
aseismic; around 3 min elapsed from the fracture initiation until
the first seismic event hit the strain sensor that recorded the initial
aseismic strain signal and more than 15 min elapsed from this aseis-
mic fracture initiation to the maximum opening. This highlights the

importance of aseismic processes in understanding stimulation pro-
cesses, a fact also observed in laboratory-experiments (Goodfellow
etal. 2015) as well as at the field scale (Cornet et al. 1997). We also
acknowledge that in this stimulation experiment more than 99 per
cent of deformation was aseismic (Villiger et al. 2020). However,
we still suggest that the initiation of cluster C4 can be interpreted as
a consequence of the difference in the cumulative seismic moment
M, of the upper patch of cluster C1 (1.1 x 10° Nm) compared to
the lower patch (6.1 x 10° Nm, Fig. 8). As the cumulative seismic
moment is almost double in the upper patch, it seems reasonable to
assume that the area around this patch experienced more disloca-
tions than the area around the lower patch.

Using a rough scoping calculation to estimate the tensile stresses
originating from slip differences between the two patches and com-
paring it to the tensile strength of the granitic rock at the GTS, the
initiation of a tensile fracture seems reasonable. With My = uA4D,
where p is the shear modulus, chosen to be 15 GPa, 4 represents
the seismically sheared area and is estimated as 2 m? for each of
the two patches, the slip difference between the upper and the lower
patch is 16 pm. Assuming 16 pm slip difference across 2 m patch
separation results in 8 e, which leads to a tensile stress in the
order of 200 kPa, assuming a Young’s moduli of 25 GPa. Given the
high ratio of aseismic deformation observed in the experiment, slip
values may be almost 100 times larger, resulting in tensile stress
levels of up to 20 MPa, which exceeds the tensile strength of ~15
and ~6 MPa, normal and in direction of foliation of the granitic
rock at the GTS [the mechanical properties of the granite at the
GTS are taken from Nejati (2018)]. We argue that initiation of a
tensile fracture is also possible at much lower tensile stresses if a
pre-existing fracture or flaw is present.

Furthermore, accelerated deformation simultaneous to the C4
fracture formation observed between the shear zone S3.1 and S3.2
(Fig. 6, FBSI1, sensor a, b) may additionally be indicative of sub-
stantial stress redistribution associated with differential slip along
cluster C1 and the formation of cluster C4. The cumulative seismic
moment of C4 is 2.3 x 10* Nm, neglecting the four large magni-
tude events associated with the near borehole-effect of the cemented
strain monitoring borehole FBS2.

Cluster C2 (cumulative seismic moment: 4.6 x 10° Nm) forms
an EW-striking steeply dipping structure south of cluster C1 and
the S3.1 shear zone. The source mechanisms of cluster C2 reveal a
downward movement of the rock volume in the southern block rel-
ative to the northern block, which is opposite to the mechanism of
cluster C1. The difference-image of acoustic televiewer log images
taken pre- and post-stimulation confirms the opposite slip directions
of cluster C1 and C2 (Fig. 9). Similar to cluster C4, stress redistribu-
tion due to differential fracture slip along cluster C1 may explain the
initiation and seismic mechanisms of cluster C2. However, source
mechanisms of the C2 cluster remained consistent from the begin-
ning and throughout the experiment, which implies that these source
mechanisms were instead determined by the local stress conditions
existing prior to the experiment, instead of stress redistribution dur-
ing injection. Thus, we suggest that the opposite slip directions of
clusters C1 and C2 are the consequence of substantial variations in
the local stress field to the south and the north of the S3.1 shear
zone.

Stress heterogeneity in our experimental volume is also evident
from stress measurements (Krietsch et al. 2018a), which show that
0, and o3 are close in magnitude, and swap their orientation as
they move from the unperturbed to the perturbed stress field esti-
mates. Thus, variations at the metre scale in the local stress field
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Figure 6. (a) Seismicity evolution and injection rate of the four injection cycles Cy1-Cy4 (the grey shaded areas show active seismic surveys in which seismic
event detection was on hold). Seismic events for which MTs could be inferred are shown with black outlines, (b) strain measurements of the different strain
monitoring intervals along with the occurrence of C4 seismicity with respect to the hit strain sensor ‘d” in borehole FBS2. All observations are presented
dependent on injected fluid volume (see supporting material S1 for a time resolved presentation of the same figure). The strain measurements are complimented

by residual strain 16 hr after the end of the stimulation experiment.

magnitudes and orientation, as well as in fracture orientation, may
greatly influence the fault reactivation [i.e. permutations of prin-
cipal stresses, (Hu & Angelier 2004)]. To quantify this effect, we
simulate the impact of stress field variations and fracture orientation
on the source mechanisms of cluster C2. Results show that system-
atically increasing o; and decreasing o, on the mean MT plane
of cluster C2 until permutation, leads to normal, strike-slip and fi-
nally to thrust faulting with the south block moving upwards with
respect to the north block (see S12 for details). Thus, it is likely
that the combination of stress heterogeneity and transient stress

redistribution produced strongly variable source mechanisms dur-
ing stimulation.

Stress field heterogeneity is also relevant for understanding natu-
ral seismicity. While the plate boundary forces control the dominant
faulting styles especially of the largest events, substantial regional
and local variations are possible at all scales (Zoback er al. 1989;
Heidbach et al. 2007). Stress field heterogeneity was particularly
observed after large events and close to the largest slip patches,
for example after the Loma Prieta (Beroza & Zoback 1993), the
Landers and Hectors Mine (Wiemer et al. 2002) and the Tohoku
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friction angle ¢ of 0.65 and 0.8, respectively (see S10 for the Mohr—Coulomb failure criterion assuming the unperturbed stress state).

earthquakes (Hardebeck 2012). It is assumed that earthquake slip
can locally lead to a substantial, or even almost complete shear stress
drop and to a highly heterogeneous stress field where aftershocks
can occur at numerous fracture orientations implying stress field
rotations (Beroza & Zoback 1993; Wiemer et al. 2002; Hardebeck
2012; Yoshida et al. 2015). We argue that high pressure fluid injec-
tions can not only rupture faults unfavorably oriented in the stress
field but also enable the sensing (through seismicity) of fracture
networks, the prevailing stress field heterogeneity as well as stress
redistribution by the high pressure fluid injection themselves.

4.2 Interplay between seismicity and fluid flow

Another important observation in our experiment are the streaky
patterns of seismicity (i.e. subhorizontal alignments of hypocentres
whose extent is larger along fracture planes in EW direction than in
NS direction) within clusters and patches (Fig. 4). Most pronounced
are the streaky patterns in the lower patch of cluster C1, where in
addition an eastwards propagation can be observed (Fig. 4a). In
natural fault systems, various authors report concentrated locations
of earthquakes in streaks aligned in the direction of fault slip and
seismically quiet zones. Streaks are seen as representing rheological
transitions within fault zones or boundaries between creeping or
locked sections of a fault (Rubin ez al. 1999; Waldhauser et al. 2004;
Rubinstein & Beroza 2007). In our experiment, the directions of the
streaks are almost perpendicular to the inferred slip directions from
the moment tensors, unlike the cases in natural faults. However,
apart from the scale our experiments differ from natural fault slip
in that high pressure fluid injection induced fault slip.

Note also that the volume around the injection interval of about
0.5 m radius appears as seismically quiet zone for clusters C1-C3.
Sparse seismicity around the injection interval may be explained
by rate strengthening friction in the vicinity of the injection, where
increased injection pressures promote aseismic creep as proposed by
Cappa et al. (2019). However, another explanation may be that the
injection interval intersects flow conduits represented by seismically
quiet zones with seismicity in a streaky pattern on either side. Such
conduits likely existed before the experiment, because the hydraulic
conductivity of the interval was already high prior to the experiment
and was not increased by stimulation (Krietsch et al. 2020b). Thus,
seismicity was induced along the less conductive boundaries of the
conduits that appear as highly seismogenic asperities. A similar
model was proposed by Rutledge et al. (2004) and Evans et al.
(2005) and is supported by observations from reservoir stimulations
(Tezuka & Niitsuma 2000). They proposed that slip along the shear
zones is perpendicular to the flow direction that follows conduits
that open in response to shear dilation along the rough surface (see
Fig. 4b). The model agrees with the observed slip direction that is
sub-perpendicular to the strike of the patterns within the clusters,
and therefore provides a mechanism for the observed thrust/normal
faulting.

4.3 Submetre-scale complexity, forecastability and
controllability

A key implication of our work is related to forecasting and control-
ling induced seismicity during high-pressure injection for reservoir
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enhancement, which is relevant for risk assessment and risk mit-
igation. A number of EGS projects in the past, such as the ones
in Basel (Haering ef al. 2008) and Pohang (Lee ef al. 2019b) have
failed because operators were unable to foresee that larger earth-
quakes were imminent. Our results indicate that detailed forecasting
of the seismicity evolution and fault reactivation pattern may be ex-
tremely challenging if not nearly impossible in a decametre volume
despite extremely detailed prior geological and stress characteriza-
tion. While we are able to retrospectively (and with considerable
effort) build a conceptual model that explains the metre-scale ob-
servations, this is a long way from being able to reliably forecast the
seismicity and fracture activation or even forecast their evolution
while the seismic sequences are unfolding.

Extrapolating this submetre-scale complexity to the field scale
would imply that the a priori risk assessment remains highly un-
certain (e.g. Broccardo er al. 2020). Real-time risk assessment
using data assimilation has been proposed to address the lack
of a prior knowledge (e.g. Broccardo et al. 2017; Mignan et al.
2017). However, our results also highlight that the ability to learn
from an evolving sequence is quite limited and somewhat unpre-
dictable, because stress heterogeneity and unknown interactions
may dominate the further development of injection related seis-
micity, limiting the forecasting horizon and increasing the un-
certainty of Adaptive Traffic Light systems (Grigoli et al. 2017,
Mignan et al. 2017).

The key question is how relevant the heterogeneity we observe
here at the decametre scale is for the kilometre scale. Possibly, on the
field scale encompassing a cubic kilometre the metre-scale stress
heterogeneities average out, and the complex interaction within the
fracture network associated with the stimulated fault system gives
way to less complex and more predictable large scale processes that
are determined by the bulk properties of the fault system. As for
example in the seismicity associated to the Pohang EGS project, a
more refined analysis of the seismic data collected during drilling
and the different phases of stimulation could have allowed to identify
the fault activated by the stimulation and recognize the high level of
risk months before the My 5.5 earthquake actually happened (Lee
etal. 2019a).

Nonetheless, limited transferability between the metre and the
kilometre-scale experiments would imply that stimulation processes
become scale-variant. However, based on our results we cannot ex-
clude that importance of heterogeneities are scale indeed invariant,
greatly increasing the uncertainty in forecasting the future evolu-
tion of high pressure injections into basement rocks. Finally, more
experiments on an increased scale (i.e. the hundred-metre-scale)
are needed to answer this question. Apart from that, decametre
scale heterogeneities certainly gain importance for the concept of
selectively stimulate multiple short borehole intervals with compar-
atively small fluid volumes in an EGS reservoir [i.e. zonal insulation
(Meier et al. 2015)].
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Figure 9. ATV difference image of the stimulated borehole interval, along with the cluster C1 and C2 associated fractures in a detailed view. The most
pronounced contrast in caliper can be observed at the top of the C1 and C2 fractures, north and south of the target shear zone S3.1. The top part of the C1
fracture suggests an upward movement of the borehole volume in the south of the fracture (i.e. an increase in caliper), whereas the top part of the C2 fracture
suggests a downward movement of the borehole volume in the south (i.e. a decrease in caliper). The remaining parts of the image of rather diffuse quality show
potential borehole wall damage in the area of the fractures and the metabasic dyke (target shear zone S3.1).

5 CONCLUSION

Hydraulic stimulation of 1 m interval intersecting a brittle-ductile
shear zone led to the deformation of three preexisting fractures in
the damage zone surrounding a low-permeability fault core. Most
slip occurred on one of these fractures in reverse to normal faulting
mechanisms partially with strike slip influence. Thus, slip direc-
tions and faulting styles only partially agree with the predicted
right-lateral to oblique reverse faulting predicated from the a pri-
ori measured stress state. Furthermore, opposite slip directions and
mostly normal faulting were observed along a fracture only 0.5 m
away from the predominantly stimulated fracture. We argue that
a heterogeneous static stress field prevails on the submetre-scale
and is further modified through transient slip- and pressure-induced
stress redistribution during injection. Initiation of a tensile dom-
inated fracture, possibly induced by a change in slip magnitude
within a short distance of a metre along the predominantly stimu-
lated fracture, supports the substantial role of stress redistribution
over the course of injection. Clustered and characteristically aligned
seismicity possibly suggests fluid flow in permeable conduits. The
observed complex interplay between the pre-existing fracture net-
work of the fault damage zone with a stress field that varies within
metres and is further modified by transient stress redistribution im-
plies that forecasting and anticipating permeability creation and the

associated induced hazard is highly challenging on the decame-
tre scale. Upscaling such complexity towards the field scale EGS
projects remains unresolved and requires further experiments at
intermediate scales.
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SUPPORTING INFORMATION

Supplementary data are available at GJI online.

Figure S1: (a) Seismicity evolution and injection rate of the four
injection cycles Cy1-Cy4 (the grey shaded areas show periods in
which passive seismic event detection was on hold and active seis-
mic surveys were performed), seismic events for which an MT
could be inferred are outlined in black, (b) displays strain measure-
ments of the different strain monitoring intervals. All observations
are presented dependent on elapsed time since the beginning of the
experiment. The strain measurements are complimented by residual
strain measured in the same monitoring intervals 16 hours after the
end of the stimulation experiment.

Figure S2: General angle convention of (a) sparker source, tunnel
AE sensor (R2-R15) configuration and (b) piezoelectric source in
borehole, borehole AE sensor (R16-R27) configuration.

Figure S3: (a) O, estimates versus root mean square (RMS) error
of linear fit between pick and rise time of the first motion P-wave
amplitude. (b) Top view and (c) side view of spatial distribution of
0, estimates along location of ignited sparker shots.

Figure S4: (a) An example of corrected first motion P-wave am-
plitudes recorded within a sparker angle range from 80° to 90°. A
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correction of the amplitudes using a Q of 62 best minimizes the
scatter in 10° incidence angle bins. (b) QO estimates of different
sparker angle bins.

Figure S5: (a) Calibration of sparker source radiation pattern at a
Q of 30 and (b) a O of 60.

Figure S6: (a)—(c) Corrected amplitudes of first motion P-wave
pulses of sparker shots versus incidence angle on tunnel sensors
(R2-R15) assuming Q values of 20, 60 and 120. The red dots
represent the 95 per cent confidence interval of measurements in
10° incidence angle bins. Panel (d) shows the incidence angle and
QO dependent amplitude variations of tunnel AE sensors.

Figure S7: (a)—(c) Corrected amplitudes of first motion P-wave
pulses of the piezoelectric source versus incidence angle on borehole
sensors (R16-R27) assuming Q values of 20, 60 and 120 (references
to the observed maximum amplitude). The colour code represents
the distance between piezoelectric source and sensor. The red dots
are the 95 per cent confidence interval of measurements in 10°
incidence angle bins. Panel (d) shows the incidence angle and QO
dependent amplitude variations of borehole AE sensors.

Figure S8: (a) BIC criterion of the 84 MTs colour-coded according
to RMSE. In (b) the unique event ID was added to the subfigure.
Figure S9: (a) Moment correction factors for 1st round of iterations
along with (b) polarity matches. (c¢) 2nd round of iterations along
with (d) polarity matches.

Figure S10: Kagan angles, RMS and Eyax for (a) DCMTs and (b)
FMTs.

Figure S11: Chosen DCMTs randomly perturbed with 10 per cent
input amplitude variation, and £5° random variation of the take-off
angle (blue, green and red nodal lines correspond to the normal,
strike-slip and thrust faulting, respectively.

Figure S12: Chosen FMTs randomly perturbed with 10 per cent
input amplitude variation, and £5° random variation of the take-off

angle (blue, green and red nodal lines correspond to the normal,
strike-slip and thrust faulting, respectively).

Figure S13: Identification of fault planes (FP) and auxiliary planes
(AP) of MTs for (a) cluster C1 and (b) cluster C2a, presented in
lower hemisphere stereographic projections.

Figure S14: Properties of all fault planes, along with the corre-
sponding faulting styles following the convention introduced by
Frohlich (1992).

Figure S15: (a) Fault planes of MTs and shear sense according to
the near field stress state and (b) the far field stress state in lower
hemisphere stereographic projections.

Figure S16: Mohr Coulomb failure pressures for inferred fault
planes in (a) NF and (b) FF stress state. The diagonal lines represent
the failure pressure at an internal friction angle of 0.65 and 0.8,
respectively.

Figure S17: (a) Non-double-couple characteristics of inferred
FMTs (Hudson et al. 1989). Panel (b) distance from injection inter-
val versus the ISO component.

Figure S18: ISO component of FMTs using a O of 60 along with in-
jection rate and injection pressure dependent on cumulative injected
fluid volume.

Figure S19: Variation of 0, and o; magnitudes and permutation
of 0, and o3 directions in (a) the perturbed stress field and (b)
the unperturbed stress field at the C2 and the mean C2 MT plane
presented in lower hemisphere stereographic projections.
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